Introduction
Eggplant (Solanum melongena L.), a solanaceous vegetable native to India, has long been one of the most important vegetable crops in Japan and in several other Asian countries (Tachibana, 2006) . It was in eggplants that the method for breeding vegetable cultivars utilizing hybrid vigor was first put to practical use. In Japan, heterosis of eggplant was first reported by Nagai and Kida (1926) . Higher productivity in certain crosses between Japanese cultivars was also observed. For example, Kakizaki (1931) stated that hybrid seedlings exhibited more vigorous growth, earlier fruit bearing, and better yield; he also noted that the best hybrids were crosses between parents with widely different characteristics. After these important initial results were reported, eggplant breeders began breeding F 1 cultivars; now, most commercial eggplant cultivars are F 1 hybrids.
Hybrid vigor was also exploited in plant breeding when the tools to produce the necessary amount of seeds in hermaphroditic species became available: the first male-sterility system was developed for onion in 1943 (Jones and Clarke, 1943) , and others were subsequently developed in a wide range of species. Cytoplasmic male sterility (CMS) is far more convenient for the production of hybrid seeds than genic male sterility because of the mode of maintenance and restoration of fertility (Budar and Pelletier, 2001) . A few reports have described CMS in eggplant (Fang et al., 1985; Isshiki and Kawajiri, 2002; Khan and Isshiki, 2008) , and genic male sterility has been described in many other reports (Chauhan, 426 1984; Jasmin, 1954; Nuttall, 1963; Phatak and Jaworski, 1989; Phatak et al., 1991) . The cytoplasm of Solanum gilo Raddi (Fang et al., 1985) , Solanum violaceum R. Br. (Isshiki and Kawajiri, 2002) , and Solanum virginianum (Khan and Isshiki, 2008) can function as a male-sterile cytoplasm for eggplant. In the present report, we introduce a new source of CMS for eggplant.
'Taibyo VF', a commercial Japanese rootstock cultivar released by Takii & Co., Ltd. (Kyoto, Japan) , is an interspecific hybrid between Solanum grandifolium and S. melongena that is resistant to Verticillium wilt and is generally sterile. 'Taibyo VF' has difficulty in setting seed, but F 1 plants of 'Taibyo VF' × 'LS1934' (S. melongena) produce some seeds (Yoshida et al., 2004) . F 2 plants were segregated into male-sterile and fertile plants. All progeny of male-sterile plants backcrossed with S. melongena were male-sterile, indicating CMS caused by the cytoplasm of S. grandifolium. On the other hand, fertile progeny appear to possess one or more nuclear fertility restoration genes. In the present paper, we report the results of our study of the inheritance of these fertility restoration genes.
Materials and Methods

Stability of male sterility in 'CMS-1'
'CMS-1' is the F 1 of male-sterile 'ER98B-10-2-3-1' × 'AE-P08'. 'ER98B-10-2-3-1' is the F 5 of 'Taibyo VF' × 'LS1934' (Fig. 1) . 'AE-P08' is a parthenocarpic S. melongena cultivar, and is the seed parent of 'Anominori' (Saito et al., 2007 (Saito et al., , 2009 (Isshiki and Kawajiri, 2002) . Anthers from at least five flowers on each plant and 2 plants per line were examined.
Genetics of the fertility restoration ability
F 1 , F 2 , and backcross generations from crosses between male-sterile 'CMS-1' and fertile 'FR-1-1' were obtained. 'FR-1-1' is a fertile F 7 of 'Taibyo VF' × 'LS1934' (Fig. 1 ). Seeds were sown on 27 September 2004. Seedlings were transplanted into pots (21 cm in diameter) in a steel-frame greenhouse on 10 December. Plants were checked at flowering for the presence or absence of pollen as described above.
3. Hybrids between S. melongena and restorer lines carrying S. grandifolium cytoplasm On 28 September 2005 we sowed 'Nakate shinkuro', 'Nasu Chuukanbohon Nou 1', 'FR-4', and 'FR-7', which are F 6 lines of 'Taibyo VF' × 'LS1934' (Fig. 1) ; an F 1 of 'Nakate shinkuro' × 'FR-7-4'; and an F 1 of 'CMS-1' × 'AE-P08'. The seedlings were transplanted into pots (21 cm in diameter) and grown in a glasshouse, and were then checked at flowering for the presence or absence of pollen as described above. Fertile plants were selfpollinated. F 1 plants of 'CMS-1' × 'AE-P08' were crossed with the pollen of 'Nakate shinkuro'. At least two mature fruits per plant were harvested and the seeds were counted. The percentage of fruit set was calculated for each plant, and the mean values for cultivars and lines were calculated. Analysis of variance and the Tukey-Kramer test (P < 0.05) were conducted to determine the significance of differences in values.
4. Breeding a restorer line that carries a heterozygous fertility restoration gene and the cytoplasm of S. melongena 'Nakate shinkuro' and two F 1 lines ('CMS-1' × 'LS1934'; 'CMS-1'/'AE-P08'//'Nakate shinkuro'/'FR-7-4') were sown on May 17, 2007. Seedlings were transplanted into pots (21 cm in diameter) and grown in a glasshouse, and were checked at flowering for the presence or absence of pollen as described above. Fig. 1 . Pedigree of the CMS and restorer lines used in this study.
5. Breeding a restorer line that carries a homozygous fertility restoration gene and the cytoplasm of S. melongena F 1 of 'CMS-1' × 'LS1934' and F 2 of 'Nakate shinkuro' × 'FR-7-4' were sown on July 31, 2007. Six individuals of F 1 of 'CMS-1' × 'LS1934' and 12 of F 2 of 'Nakate shinkuro' × 'FR-7-4' were transplanted into pots and grown in a glasshouse, and were checked at flowering for the presence or absence of pollen as described above. In addition, 12 individuals of F 2 of 'Nakate shinkuro' × 'FR-7-4' were self-pollinated and used to pollinate 6 plants of F 1 of 'CMS-1' × 'LS1934'. F 1 seeds of 'CMS-1'/'LS1934'//'Nakate shinkuro'/'FR-7-4' were extracted from mature fruits and sown on December 20, 2007. Seedlings were transplanted into pots (21 cm in diameter) and grown in a glasshouse, and were checked at flowering for the presence or absence of pollen as above. Two to 12 individuals per line were examined.
Results and Discussion
Stability of male sterility in 'CMS-1'
'CMS-1', the F 1 of male-sterile 'ER98B-10-2-3-1' × 'AE-P08', produced no pollen (Fig. 2) . 'CMS-1' was male-sterile throughout the year for around 5 years. Minimum and maximum temperatures during that period were 7 and 45°C. All backcrossed lines between 'CMS-1' as the seed parent and the 17 landraces, breeding lines, and cultivars as the pollen parent (Table 1) were also male-sterile. These results suggest the strong stability of CMS under a range of environmental conditions and across a range of genetic backgrounds. In contrast, other researchers have reported lines with chemically or environmentally sensitive genic male sterility in which fertility can be restored by appropriate treatments (Masuda et al., 2007; Murai, 2001; Sawhney, 1997) .
Genetics of the fertility restoration ability
All 'CMS-1' plants were male-sterile, and the observed segregations in their offspring fitted the expected segregation ratios well: 3 fertile to 1 male- sterile in 'FR-1-1', 1 : 1 in the F 1 and 3 : 1 in the F 2 of 'CMS-1' × 'FR-1-1', and 1 : 1 in 'CMS-1'//'CMS-1'/'FR-1-1' (Table 2) . These segregation ratios suggested that the fertility restoration observed in this study (see below) is controlled by a single dominant nuclear gene for the restoration of fertility (Rf) that is carried heterozygously in 'FR-1-1'. Such a phenomenon has been observed, for instance, in red pepper (Gulyas et al., 2006) , petunia (Bentolila and Hanson, 2001) , and common bean (Phaseolus vulgaris) (Abad et al., 1995) .
Hybrids between S. melongena and restorer lines carrying S. grandifolium cytoplasm
The observed segregations fitted the expected ratio of 3 fertile to 1 male-sterile 'FR-4' and 'FR-7' plants (Table 3 ). These segregation ratios also suggested that fertility restoration is controlled by a single dominant gene (Rf) carried heterozygously in 'FR-4' and 'FR-7'. There was no difference in the percentages of fruit set among any lines: two restorer lines, 'FR-4' (58.6%) and 'FR-7' (62.9%), and two normal cultivars, 'Nakate Shinkuro' (50.0%) and 'Nasu Chuukanbohon Nou 1' (65.0%). There was also no difference in the maximum number of seeds per fruit among the two restorer lines and the two cultivars. Moreover, F 1 'Nakate Shinkuro' × 'FR-7-4' showed a high percentage (91.8%) of fruit set and sufficient seeds compared to the two restorer lines and two cultivars. These results suggest that it is possible to breed restorer lines for the practical production of commercial hybrid seeds using the combination of CMS with a nuclear Rf gene. On the other hand, all 16 sterile F 1 plants of 'CMS-1' × 'AE-P08' showed 100% fruit set and more than 200 seeds per fruit by crossing with the pollen of 'Nakate Shinkuro'. This means that the stigma of CMS plants was functionally normal and that CMS plants can produce sufficient seeds if they are crossed with normal pollen. CMS and restorer lines should thus be useful in the production of hybrid seeds.
4. Breeding a restorer line that carries a heterozygous fertility restoration gene and the cytoplasm of S. melongena All F 1 'CMS-1' × 'LS1934' plants were male-sterile (Table 4 ). This suggests that the Rf gene in 'FR-4' and 'FR-7', which are F 6 s of 'Taibyo VF' × 'LS1934', was derived from 'Taibyo VF' rather than from 'LS1934'. To confirm this, it will be necessary to determine the fertility of the next generation of backcrosses among CMS lines, such as F 1 'CMS-1'/'LS1934'//'Taibyo VF'. Among the F 1 s of male-sterile F 1 'CMS-1'/'AE-P08'// restorer line F 1 'Nakate Shinkuro'/'FR-7-4', the observed segregations fitted the expected ratio of 1 fertile to 1 male-sterile well in 07SM910, 07SM911, and 07SM912 (Table 4 ). This suggests that plants of 05SM906-03 and 05SM906-04 have a heterozygous Rf gene and the cytoplasm of S. melongena. Plants of 05SM906-04 were self-pollinated in order to breed lines with a homozygous Rf gene. All F 2 'Nakate shinkuro' × 'FR-7-4' plants were fertile. Twelve individuals of F 2 Nasu Chuukanbohon Nou 1 4 0 1 : 0 6 5 . 0 ± 11.9 ab >200
FR-4 10 8 3 : 1 5 8 . 6 ± 6.5 a >200
FR-7 17 10 3 : 1 6 2 . 9 ± 6.4 ac >200
F 1 (Nakate Shinkuro × FR-7-4) 14 0 1 : 0 9 1 . 8 ± 4.6 bd >200 'Nakate shinkuro' × 'FR-7-4' were self-pollinated and crossed to male-sterile F 1 'CMS-1' × 'LS1934'.
5. Breeding a restorer line that carries a homozygous fertility restoration gene and the cytoplasm of S. melongena In subsequent generations, all plants in the 07SM1405, 07SM1411, and 07SM1412 populations were fertile (Table 5 ). This suggests that the plants of 07SM1105-05, 07SM1105-11, and 07SM1105-12 are homozygous for Rf. We have thus developed restorer lines that carry the nuclear Rf gene homozygously in the cytoplasm of S. melongena. This means that this combination of CMS with a nuclear Rf gene can be put to practical use in the production of commercial hybrid seed. 
